SUMMARY The aim of this study was to evaluate the influence of prolonged sucking habits and mouth breathing on palatal vault morphology in a group of subjects with unilateral functional crossbite [crossbite (CB) group] compared with a group of subjects with normal occlusion [non-crossbite (NCB) group]. A sample of 80 Caucasian subjects (51 CB and 29 NCB; aged 5.3 ± 0.8 years) in the deciduous dentition was selected. A questionnaire regarding the subject's sucking habits was answered by the parents. Any sucking habit that lasted more than 24 months was considered as a prolonged sucking habit. The breathing pattern was assessed by an experienced otorinolarygologist and was classified either mainly nose or mouth breathing. Intercanine and intermolar distances and palatal surface area and volume were recorded three dimensionally on study casts. Univariate and multivariate analyses were employed. Posterior CB was negatively correlated with all the dental and palatal parameters (P < 0.01) with the exception of the palatal surface area that did not reach the statistical significance. Only prolonged sucking habits (but not mouth breathing) was a significant risk indicator for unilateral functional CB (P < 0.001). However, the prolonged sucking habits were not significantly correlated with any of the investigated parameter, and mouth breathing was negatively correlated with the intermolar distance only. Therefore, maxillary constriction in unilateral functional CB might not be influenced by the presence or absence of prolonged sucking habits or mouth breathing.
Introduction
Posterior crossbite (CB) often occurs in the deciduous and early mixed dentition, with a reported prevalence from 6.4 to 23% (Kurol and Berglund, 1992; Keski-Nisula et al., 2003) . Most of the cases (more than 80%) are unilateral with a functional mandibular shift towards the CB side (Malandris and Mahoney, 2004) .
Evidence shows that the most frequent cause of unilateral functional CB is a mild bilateral maxillary constriction (Allen et al., 2003) . However, the aetiology of maxillary constriction in unilateral functional CB is still a matter of discussion. It is currently accepted that genes and gene products regulate craniofacial morphogenesis, including the maxilla. However, these gene products do not determine growth and specific form, but they rather provide factors that may affect the receptivity and responsiveness of cells to intrinsic and extrinsic stimuli (Carlson, 2005) . Therefore, it appears that a range of physiological, pathological, and mechanical factors can influence growth (Mew, 1986) . It has been previously reported that maxillary constriction in unilateral functional CB can be induced by dummy or finger sucking (Kurol and Thilander, 1984; Hannuksela and Vaananen, 1987; Larsson et al., 1992; Ogaard et al., 1994; Larsson, 2001; Warren et al., 2001; Warren and Bishara, 2002) , certain swallowing habits (Melsen et al., 1979; Melsen et al., 1987) , or mouth breathing (Ovsenik, 2009) due to obstruction of the upper airways caused by adenoid tissues (Linder-Aronson, 1970; Hannuksela and Vaananen, 1987) .
However, some of the reported studies (Melsen et al., 1979; Melsen et al., 1987; Larsson et al., 1992; Ovsenik, 2009 ) examined the correlation between improper orofacial function and the occurrence of CB but did not examine the relationship between the maxillary form and orofacial functions. Other studies (Warren et al., 2001; Warren and Bishara, 2002) examined the correlation of improper orofacial functions with the transverse dimension of the maxillary arch, measured as intercanine/intermolar distances. However, the intercuspal transverse distances do not provide any adequate information about the maxillary form as they can be biased due to tooth position (Oliveira et al., 2004; Primožič et al., 2009) .
707
In order to assess any environmental effects on the development of maxillary constriction, which often occurs in unilateral functional CB, the knowledge of the influence of given environmental factors, i.e. prolonged sucking habits or mouth breathing, on palatal morphology would be useful.
Therefore, the aim of this study was to evaluate the influence of prolonged sucking habits and mouth breathing on palatal vault morphology in a group of CB subjects compared with a group of subjects with normal occlusion (NCB group).
Subjects and methods

Subjects and study design
Approval for this study was gained from the local Institutional Review Board and a signed informed consent from the parents of all the subjects were obtained prior to the beginning of the study.
A sample of 80 Caucasian subjects (42 females and 38 males, mean age 5 years 4 months ± 10 months) in the deciduous dentition were included in this study. The CB group consisted of 51 subjects (29 females and 21 males, mean age 5 years 3 months ± 1 year) affected by unilateral posterior CB, with a functional mandibular shift and a midline deviation of at least 2 mm. The functional mandibular shift was assessed clinically by an experienced orthodontist (MO) by observing the path of mouth closure (three repeated observations). Twenty subjects had a functional shift on the left side, 31 on the right side. The subjects were recruited from a sequential group of patients and assigned to the CB group. The non-crossbite (NCB) group consisted of 29 subjects (12 females and 17 males, mean age 5 years 5 months ± 4 months) who presented with normal occlusal relationships on the transverse plane and were included in a prospective longitudinal growth study (Primožič et al., 2011b) .
Before the clinical examinations, the parents (generally the subject's mother) answered a questionnaire regarding the subject's type of sucking habits such as finger, thumb, or dummy sucking and bottle feeding and about the duration of the habit (i.e. less than 12 months, 12-24 months, 24-36 months, 36-48 months and more than 48 months). As it has been previously shown (Warren et al., 2001 ) that sucking habits beyond 24 months of age may result in increased risk of developing posterior CB, any sucking habit that lasted more than 24 months was considered as a prolonged sucking habit.
The breathing pattern was assessed by an experienced otorinolarygologist and was classified either mainly nose or mouth breathing. The mode of breathing was determined while the subject was in a relaxed position, and it was noted whether he or she had competent lip closure. If this was not the case, the subject's mode of breathing was determined with a special airflow registration device (Farčnik and Rudel, 1995; Ovsenik, 2009 ) that registers the difference in temperature of the airflow through the mouth or through the nose in an incompetent lip seal (Figure 1 ), thus distinguishing mouth breathing from incompetent lip seal.
During the intraoral examination alginate impressions of the maxillary arch were obtained for all subjects. Study casts of the maxillary arch were then scanned using a Konica/ Minolta Vivid 910 laser scanner at a distance of 60 cm using a lens with a focal distance of 25 mm and a reported accuracy of 0.22 mm (Keating et al., 2008) . The digital models were used to measure the maxillary arch widths and palatal surface area and volume.
Analysis of the maxillary arch widths
The maxillary widths were analysed as intercanine and intermolar transverse linear arch distances. The intercanine transverse distance was measured between the cusps' tips of the upper deciduous canines, while the intermolar distance was measured between the central occlusal grooves of the second upper deciduous molars.
Analysis of the palatal surface area and volume
In order to measure the palatal surface area and calculate the palatal volume the boundaries of the palate had to be defined. The gingival plane and a distal plane were used as boundaries for the palate. The gingival plane was created by connecting the midpoints of the dentogingival junction of all primary teeth. The distal plane was created through two points at the distal of the second primary molar perpendicular to the gingival plane ( Figure 2 ). The palatal surface area delimitated by the gingival and distal planes and the palatal volume delimitated by the same planes were then calculated.
Method error and statistical power
Method error for each palatal parameter was calculated using the Intraclass correlation coefficients on a random sample of 10 replicate measurements. With the aim of quantifying the full method error of the recordings for either palatal parameter, the method of moments (MME) variance estimator was used (Springate, 2012) . Therefore, the mean error and 95% confidence intervals (CIs) between the repeated recordings were calculated by using the MME variance estimator and were expressed as percentage . The Intraclass correlation coefficient for any parameter was above 0.90. Method errors as mean (95% CI) were 1.5% (0.7-2.5) and 0.8% (0.4-1.4) for the intercanine and intermolar distances, respectively, and 1.0% (0.5-1.6) and 3.2% (1.5-5.4) for the palatal surface area and volume, respectively.
The power of the study was calculated a posteriori and was based on the probability of detecting an effect-size coefficient (Cohen, 1992 ) of 1.0 for any of the palatal parameters in the comparisons between the presence/absence of prolonged sucking habits or mouth breathing within each group, with an alpha set at 0.05 (Perinetti et al., 2011) . The effect-size coefficient is the ratio of the difference between the recordings of the two groups, divided by the within-subject standard deviation (SD). An effect size of at least 1.0 is regarded to as 'clinically relevant' with the corresponding parameter having a potential diagnostic value in individual subjects (Perinetti and Contardo, 2009) . According to the sample sizes compared in this study, the power ranged from 0.69 to 0.91.
Data analysis
Parametric methods were used for data analysis after having tested the normality of the data with the Shapiro-Wilk test and Q-Q normality plots, and the equality of variance among the data sets with a Levene test. The balance of experimental groups (CB and NCB) according to age and gender was evaluated with an independent sample t-test and a Fisher exact test, respectively.
A series of univariate and multivariate analyses was performed as follows. The significance of the differences in the percentages of children showing either (any) prolonged sucking habits or mouth breathing in the CB and NCB groups was assessed using chi-squared tests. Subsequently, the significance of the differences in each palatal parameter between the groups, within the presence/absence of prolonged sucking habits or mouth breathing, and between the presence/absence of prolonged sucking habits or mouth breathing within each group were assessed by the unpaired sample t-test.
Finally, for the whole sample, multiple linear regressions (models) were run to identify the explanatory variables [age, gender, group (CB, NCB), prolonged sucking habits (no, yes), mouth breathing (no, yes)] that affected each of the four palatal parameters. All explanatory variables were entered as dummy variables with the exception of age that was run as continuous variable.
A P-value <0.05 was considered as being statistically significant. The SPSS programme (SPSS ® Inc., Chicago, IL, USA) was used to perform the data treatment.
Results
The groups were balanced by age and gender (P > 0.1, at least).
The results of the univariate analyses are summarized in Tables 1 and 2 . Only prolonged sucking habits (but not mouth breathing) was a significant risk indicator for unilateral functional CB (P < 0.001, Table 1 ). In particular, subjects reporting prolonged sucking habits showed a greater prevalence of CB (77.8%) compared with those negative for this risk indicator (45.7%). The palatal parameters recorded between the groups, within the presence/absence of prolonged sucking habits or mouth breathing, were generally significantly lower for the CB group compared with those for the NCB groups (P < 0.05, at least, Table 2 ). Only the palatal surface area was similar between the groups for the subjects negative for prolonged sucking habits and irrespective of the mouth-breathing pattern. Moreover, the palatal volume was also similar between the groups for those subjects negative for both prolonged sucking habits and mouth breathing. On the contrary, the differences between the presence/absence of prolonged sucking habits or mouth breathing within each group were generally not significant with few exceptions. In particular, for the CB group, only the intercanine distance was shorter in the subjects positive for mouth breathing compared with those who were negative. For the NCB group, palatal surface area and palatal volume were significantly greater in the subjects negative for prolonged sucking habits compared with those who were positive.
The results of the multivariate regression analyses are summarized in Table 3 . All the models showed R 2 ranging from 0.109 (palatal surface area) to 0.424 (intermolar distance). Age and gender were significantly correlated to the intermolar distance only (P < 0.05). Posterior CB was negatively correlated with all the dental and palatal parameters (P < 0.01, at least) with the exception of the palatal surface area that did not reach the statistical significance. Finally, the prolonged sucking habits were not significantly correlated with any of the investigated parameter, and mouth breathing was negatively correlated with the intermolar distance only.
Discussion
In this study, maxillary morphology was evaluated on 3D laser scans of study casts in terms of maxillary arch widths, palatal surface area, and volume in the presence or absence of prolonged sucking habits and mouth breathing in two groups of subjects with or without posterior CB. Very little influence of these risk indicators on the dental and palatal parameters has been seen irrespective of the presence of posterior CB.
Until recently, maxillary morphology was assessed only by measuring transverse intercuspal distances on study casts and palatal height giving incomplete information about the 3D morphology of the palatal vault (Gracco et al., 2009; Primožič et al., 2012) . To overcome these limitations, NS NS Data are presented as mean ± SD. Diff., significance of the difference between the groups or between the subjects positive/negative for the prolonged sucking habits or mouth breathing. NS, not statistically significant. Levels of significance (*P < 0.05, **P < 0.01, ***P < 0.001).
palatal surface area and volume were measured to better assess the morphological characteristics of the palatal vault. This study showed that subjects with unilateral functional CB have a similar palatal surface area but significantly smaller intercanine and intermolar distances and palatal volume compared with NCB subjects (Table 2) . Therefore, CB subjects have a higher degree of maxillary constriction, mainly in the transverse direction, which is in accordance with previous studies (Oliveira et al., 2004; Primožič et al., 2009; Gracco et al., 2009; Primožič et al., 2011a) .
On the contrary, irrespective of the presence of a posterior CB, generally no differences in either maxillary parameter were seen between subjects reporting prolonged sucking habits and those negative for this risk indicator. This is in contrast with previous evidence (Larsson, 2001; Warren and Bishara, 2002 ) that showed a greater maxillary constriction, evaluated by intercanine/intermolar transverse distances, in subjects with prolonged sucking habits.
The different methods used in the present and reported studies (Larsson, 2001; Warren and Bishara, 2002) may have influenced the results as it is possible that prolonged sucking habits have a greater dental than skeletal effect, resulting mainly in tooth movement. Further, in this study, sucking habits longer than 24 months were defined as 'prolonged sucking habits', regardless of the habit (thumb, dummy, and bottle feeding) as it has been shown (Ogaard et al., 1994; Warren et al., 2001 ) that at least 2 years of sucking habits were necessary to produce a significant effect on the transverse dimension of the maxilla.
Previous evidence showed that different sucking habits could result in different types of malocclusion (Warren et al., 2001) , as for instance, digit sucking was more frequently associated with 'class II malocclusion', while pacifier use was associated with 'posterior CB'. However, it has been previously shown that one of the 'class II malocclusion' features is also a constricted maxillary arch, which does not frequently result in posterior CB due to the sagittal interarch relationship (Franchi and Baccetti, 2005) . Therefore, as this study aimed to assess the influence of prolonged sucking habits on the maxillary morphology, the influence of each habit type was not considered.
Interestingly, herein, the subjects with prolonged sucking habits showed a greater prevalence of posterior CB compared with those who were negative for this risk indicator (Table 1 ). This evidence is in accordance with previous studies (Ogaard et al., 1994; Warren et al., 2001; Warren and Bishara, 2002 ) that reported a correlation of prolonged sucking habits with 'posterior CB' and that pacifier habits persisting beyond 2 years of age significantly increased the prevalence of posterior CB (Warren et al., 2001; Warren and Bishara, 2002) . However, the presence of this habit did not necessarily yield to a significant reduction of the dental and palatal parameter when entered in the multivariate regression model (Table 3) . These results thus underline the importance of considering confounding factors when analysing potential dental and skeletal effects of sucking habits and may explain the apparent inconsistency between the present and previous results. In fact, in the previous studies no precise definition of posterior CB, i.e. bilateral/unilateral dental or skeletal with or without a functional shift, was given.
Furthermore, the contrasting results could be also due to the subjects included in the present and previous studies. This study was a retrospective study that evaluated a sequential group of patients who were recruited and assigned to the two study groups. Only children without malocclusion or children with unilateral functional CB were included, previous studies included children regardless the type of malocclusion and aimed to find the influence of sucking habits on the occurrence of malocclusion. However, the genetic influence of malocclusion occurrence was not considered in those studies.
Although data in this study about the sucking habits were gained retrospectively, when the children were approximately 5 years of age, the selection criteria were very precise. Indeed, only subjects with a unilateral functional CB were included, exhibiting only a mild maxillary constriction and were compared with NCB subjects. As it has been Levels of significance (*P < 0.001, **P < 0.05, ***P < 0.01).
previously shown (Primožič et al., 2011a) , that subjects with unilateral functional CB have only a mild maxillary constriction compared with control subjects, the inclusion of subjects with a mild/no maxillary constriction may have influenced the results. Indeed, it has been reported that 40% of children with a history of sucking habit (thumb, finger, or pacifier) did not exhibit malocclusion, while 16% of those with no habits had malocclusion (Svedmyr, 1979) . Therefore, the mild maxillary constriction in subjects with unilateral functional CB could not be influenced by the presence or absence of prolonged sucking habits. Previous studies (Melsen et al., 1987; Ovsenik, 2009 ) also reported a correlation between posterior CB and mouth-breathing pattern, showing that posterior CB is more frequently seen in mouth-breathing subjects. Further, individuals with a mouth-breathing pattern have been classically described as possessing a narrow, V-shaped maxillary arch with a high palatal vault due to low tongue posture present in mouth-breathing subjects (McNamara, 1980; McNamara, 1981) . In this study, mouth breathing did not show a greater prevalence of unilateral functional CB. Even more, no differences in palatal surface area and volume were seen between the mouth and nose breathers. Moreover, the negative correlation seen for mouth breathing with the intermolar distance, although statistically significant, was little and likely with very minimal clinical relevance. The contrasting results in this study may be due to different age group selection in different studies. Evidence shows that only a prolonged lower tongue posture may have an influence on the morphological characteristics of the jaws, however, mainly on the mandible (Primožič et al., 2012) . In fact, this study included very young subjects in the primary dentition; therefore, it is possible that the mouth breathing 'effect' has not yet resulted in a morphological change. Further, the contrasting results of the reported and present study could be also due to the fact that maxillary morphology was assessed three dimensionally in this study. Moreover, a clear definition of the malocclusion analysed, i.e. unilateral functional CB, was made herein, while in the reported studies generally 'posterior CB' was examined.
Of note, even the interactions of the presence of CB, prolonged sucking habits, and mouth breathing with the intercanine and intermolar distance, palatal surface area, and volume were not significant in a three-way analysis of variance (data not shown).
Therefore, according to the results of this study, it could be concluded that the maxillary constriction present in unilateral functional CB in the primary dentition is not influenced by the presence or absence of prolonged sucking habits and/or mouth breathing.
Conclusions
Subjects with unilateral functional CB have a maxillary constriction compared with NCB subjects, in terms of shorter maxillary arch widths and smaller palatal volume. Further, this maxillary constriction in unilateral functional CB subjects might not be influenced by the presence or absence of prolonged sucking habits or by the breathing pattern.
